Open-shell Ti 3+ ions are generated within hybrid SiO 2 -TiO 2 mesoporous monoliths by reaction with triethylaluminium vapors. Continuous wave and 2D pulse electron paramagnetic resonance techniques are used to investigate the local coordination environment of the Ti 3+ species through detection of hyperfine interactions of the unpaired electron with magnetically active nuclei of the matrix, including natural abundant framework 29 Si. The results provide evidence for the reducing power of triethylaluminium towards isolated Ti 4+ ions through the formation of open-shell Ti 3+ ions atomically dispersed and fully incorporated in the SiO 2 framework with a local structure similar to that of titanium silicalite and no segregation of TiO 2 phases at this level of Ti doping.
Introduction
Understanding the electronic, chemical and structural properties of transition metal ions (TMI) incorporated in micro and mesoporous frameworks, their interaction with the surrounding matrix and their changes during a particular process is key for the development of new catalytic systems and a shift from deductive to predictive catalysis. Key to the catalytic importance of TMI is the presence of partially filled d shells, leading, when stabilized at solid surfaces, to species with unusual oxidation states and coordination numbers [1] . Frequently, in particular in the case of first row transition metals, open-shell (radical type) species are encountered, either as active species or as intermediates within the catalytic cycle. Elucidating the role and influence of such species, which can be of paramount importance in promoting selective radical-type processes as demonstrated in a variety of metallo-enzymes, is presently one of the most challenging endeavours both from an experimental and theoretical perspective. In this context, improvements in ex situ and in situ characterization methodologies for the establishment of structure-function relationships is clearly of utmost importance. Where open-shell species are involved, Electron Paramagnetic Resonance (EPR) [2] [3] [4] -an advanced spectroscopic technique akin to Nuclear Magnetic Resonance (NMR)-is without doubt the technique of choice for investigating and fully interrogating the reaction system. The introduction of pulsed and high-field EPR techniques has boosted the resolution and sensitivity of the technique in the past years [5] [6] [7] [8] . Nevertheless, this technique is still largely underexploited in the field of catalysis. In this paper we wish to illustrate a methodological approach involving the use of advanced EPR methods for the characterization of paramagnetic transition metals in heterogeneous catalysis. To do so we have chosen a prototypical example consisting of Ti ions inserted in a mesoporous silica framework obtained via sol-gel method [9] , a system that bears similarity to the popular titanium silicalite (TS-1) catalyst, one of the most extensively used catalysts for the selective oxidation of hydrocarbons [10, 11] . The distinctive feature of titanium incorporated in silica-based structures is the possibility of isolating Ti ions with unusual tetrahedral coordination. It is in fact this open coordination that primes the isolated metal centers for the remarkable inner-sphere redox reactivity of TS-1. An interesting, but rarely addressed question, is related to the redox activity of framework Ti 4+ ions and 3+ compounds in catalysis is at the heart of important processes such as olefins polymerization in Ziegler-Natta catalysis, the reactivity of Ti 3+ -MOF materials [12] and is of general interest in the context of designing earth abundant based transition metal catalyst, capable of promoting selective radical-type transformations through the participation of the Singly Occupied Molecular Orbital (SOMO) to the reaction. Moreover, since EPR spectra are very sensitive to local coordination symmetry, reduced Ti species can be used as local probes for the coordination environment of incorporated Ti ions in different matrixes.
In our group we have devoted significant efforts in the characterization of the properties of Ti 3+ framework centers in several open framework systems including TS-1 [13] , TiAlPO [14] and ETS-10 [15] . Here we add a new system where tetrahedrally coordinated framework Ti 4+ ions are reduced with alkyl aluminium compounds. Alkyl aluminium compounds are indispensable activating agents for olefin polymerization with Ziegler-Natta catalysts, where formation of the active sites is generally accepted to proceed by alkylation and reduction of the titanium species in the catalyst during the activation reaction. Alkyl aluminium compounds are also prototypical precursors to the industrially important methyl aluminoxane co-catalysts for olefin polymerization and have been used to introduce well-defined extra framework aluminium ions in zeolite materials [16] .
Here, as a complement to previous studies, we use triethylaluminium (TEA) vapors to reduce framework isolated Ti centers and explore their structure by means of continuous wave (CW) and 2D pulse EPR techniques revealing the local coordination environment through detection of hyperfine interactions of the unpaired electron localized on the Ti 3+ ions with magnetically active nuclei of the matrix, including natural abundant framework 29 Si.
Theoretical Background. EPR Spectra of Tetrahedrally Coordinated Ti 3 Ions
In the case of titanium ions, the dominating interactions are the electron Zeeman interaction (characterized by the g matrix) and the hyperfine interactions of the unpaired electron with the isotopes 47 Ti (I = 5/2, natural abundance 7.75%) and 49 Ti (I = 7/2, natural abundance 5.51%). Due to the low natural abundance of the magnetically active isotopes however, the information derived from the CW EPR powder spectrum is usually limited to the electron Zeeman interaction, which is a useful reporter of the symmetry of the site [17, 18] .
In the classical crystal-field theory, the EPR parameters are explained by using the perturbation formulas based on the one-spin-orbit (SO)-parameter model. Under the effect of a tetrahedral crystal field the degenerate five d orbitals are split to give a pair and a triplet of degenerate levels separated by an energy difference Δ Td . Considering a tetragonal distortion axis along the z-direction, the g values are given, to first order, by the following equations in the case of tetragonal compression and elongation, respectively:
In Eqs. (1) and (2) ) and Δ Td is the energy separation between the degenerate triplet and doublet levels in the cubic tetrahedral field. Thus, for a tetragonal compression g ⊥ < g∥ ≅ g e is expected, while for a tetragonal elongation g∥ < g ⊥ < g e .
2D Pulse EPR methods, like HYSCORE, allow the identification and investigation of the hyperfine and nuclear quadrupole interactions of the magnetic ligand nuclei (e.g. 1 H, 29 Si, 13 C, …). HYSCORE spectroscopy is a two-dimensional (2D) experiment in which a mixing pulse creates correlations between the nuclear frequencies in two different electron spin (m S ) manifolds. For a system with an unpaired electron (S = 1/2) interacting with a nucleus with spin I = 1/2 (e.g. 1 H and 29 Si), the spin Hamiltonian can be described in terms of the g matrix and the hyperfine matrix A. In general, the hyperfine matrix elements are the sum of an isotropic hyperfine coupling, a iso , and a point-dipolar contribution, which depends on the distance r between the unpaired electron and the nucleus.
For distances r between the electron and nuclear spin greater than approximately 0.25 nm, the anisotropic part of the hyperfine interaction can be used to calculate the electron-nuclear distance and orientation with the electron-nuclear point-dipole formula: where the sum is over all nuclei with spin population ρ k at distance r k from the nucleus with the electron-nucleus unit vector n k . For an axial interaction with positive g n , T = [-T, -T, 2T].
For an S = 1/2, I = 1/2 system, the nuclear frequencies in the two m S manifolds are given by:
where I is the nuclear Zeeman frequency and A and B describe the secular and pseudosecular part of the hyperfine (1) g ∥ ≅ g e and g ⊥ ≅ g e − 6 ∕Δ Td
coupling and are related to a iso and T [19] . In the HYSCORE experiment, the correlations between the nuclear frequencies lead to the cross-peaks ( , ) and ( , ) in the 2D plot. The interpretation of HYSCORE spectra of disordered S = 1/2, I = 1/2 systems has been discussed by several authors [20]
Results and Discussion
The calcined sample is EPR silent as expected for Ti species in the form of diamagnetic Ti 4+ . Upon contacting the solid with TEA vapors an intense EPR spectrum with pseudo-axial symmetry is observed (Fig. 1a) , similar to the one observed in the case of TS-1. The simulation analysis shows that the spectral profile is dominated by a species with slightly rhombic g tensor (g x = 1.900, g y = 1.941, g z = 1.983. The g values are close to those observed for Ti 3+ in TS-1 (Table 1 ) and indicate a similar crystal-field symmetry.
Substituting the g experimental values in the above equations, Δ can be estimated to be of the order of 12,500 cm − 1 , which fits relatively well, given the inherent approximation, with values reported for d-d transitions of tetrahedral Ti 3+ [21] .
The g factor analysis of the CW-EPR spectrum thus strongly indicates the formation of framework Ti 3+ ions in tetrahedral coordination upon reaction of the dehydrated sample with TEA vapors. In order to confirm this analysis and to ascertain the local coordination environment of the formed Ti 3+ species, HYSCORE experiments were performed. Figure 2 shows the HYSCORE spectra of the reduced sample taken at two magnetic field settings corresponding to the turning point of the EPR spectrum (see arrows in Fig. 1 ). The spectrum is characterized by the presence in the (+, +) quadrant of an extended ridge centred at the proton nuclear Larmor frequency. The ridge extension is approximately 8 MHz and demonstrates the presence of a proton in the first coordination sphere of the Ti 3+ ion. Simulation analysis of the 1 H HYSCORE signal at the two different observer positions, allows recovering the full hyperfine tensor (Table 1) , which can be decomposed in the Fermi contact (a iso = 1.5 ± 0.5 MHz) and dipolar components (T = 3 ± 0.5 MHz).
Assuming a pure dipolar through-space interaction, the electron-proton distance can be obtained from Eq. (5): with r being the distance between the unpaired electron localized in the Ti 3+ d orbitals and the 1 H nucleus. Using the experimental value obtained from the simulation, the distance from the Ti 3+ center and the proton can be estimated to be of the order of 0.29 nm. We notice that the proton hyperfine coupling for the Ti/SiO 2 system is much larger, corresponding to shorter Ti-H distance, with respect to the TS-1 case, where only protons at a distance of the order of 0.43 nm were observed [13] . This result may be explained considering the higher flexibility of the SiO 2 framework
g e g n e n 1 r 3 compared to that of TS-1, which allows the charge compensating proton to sit closer to the Ti 3+ ion. In addition to the proton signal, the HYSCORE spectrum features a correlation ridge with maximum extension of approximately 10 MHz, centered at ν Si in the (+, +) quadrant and a pair of cross peaks in the (−, +) quadrant centred at ≈ 5 MHz and separated by 2ν Si . These signals are assigned to the hyperfine interaction of the unpaired electron with natural abundance 29 Si (4.67%) nuclei of the framework. The spectrum recorded at the g || position (Fig. 2a) shows extra cross peaks in both quadrants, which are due to the 47 Ti (I = 5/2, g n = − 0.31484) and with 49 Ti (I = 7/2, g n = − 0.31491). These signals are not visible in the spectrum recorded at the other field position, being the corresponding hyperfine interaction exceedingly large. We notice that this is, to the best of our knowledge, the first HYSCORE observation of the 47, 49 Ti interaction for Ti 3+ species. The full hyperfine tensor could not be obtained because of the absence of the perpendicular component. Although this component is in principle detectable via CW-EPR, the signals are obscured completely by the intense spectrum of titanium with zero nuclear spin hyperfine couplings. An estimate of the hyperfine coupling was done by means of computer simulation of the experimental HYSCORE spectrum and is of the order of 6 MHz, in line with values observed in beryl single crystals [22] . The full set of 29 Si hyperfine coupling constant parameters extracted by means of computer simulation of the experimental spectra (Fig. 2) are listed in Table 1 , where the signs were chosen based on the point dipolar approximation and considering that g n ( 29 Si) < 0. The values are in line with those obtained for the TS-1 catalyst and compare nicely with those reported by Zamani et al. [23] in the case of VO 2+ groups incorporated in mesoporous silica materials. The HYSCORE spectra, together with the g factors of the CW-EPR spectrum (characteristic of a local tetrahedral symmetry) provide thus unique and direct evidence for the framework incorporation of the formed Ti 3+ species and absence of TiO 2 phase segregation. We remark that this result is non trivial as, although the starting material features framework incorporated Ti 4+ ions, chemical reduction to Ti 3+ not necessarily implies that the reduced species preserves its framework nature and local coordination symmetry. The hyperfine tensors reported in Table 1 can be decomposed in the isotropic (Fermi contact) and anisotropic (dipolar) tensors. The strongly coupled 29 Si interaction is dominated by the Fermi contact term a iso = − 7.5 MHz while the second largest coupling Ti gives a value of − 4.5 MHz. The third coupling leading to a iso = − 0.7 MHz is associated to remote, matrix nuclei and we will not comment it further. The origin of this fairly large isotropic interaction can be rationalized considering a spin density transfer through the directly coordinated oxygen ions via a through-bond mechanism. The isotropic constant is determined mainly by the unpaired spin density in the 3s orbital of the silicon atoms and is proportional to the value of a 0 = − 3995.33 MHz, which is computed for unit spin density in this orbital [24] . Including a correction for departure of the g value (g iso [Ti 3+ /TS-1] = 1.941) from the free electron value (g e = 2.0023) the spin population in the Si 3s orbital can be estimated from the following equation:
Fig. 1 Experimental (black) and computer simulated (red) (a) ESEdetected EPR and (b) CW-EPR spectra of Ti/SiO 2 reduced with TEA
to be approximately 0.20% and 0.1% for the two cases. As discussed elsewhere [13] , the amount of spin density transfer is expected to depend markedly on bond angle and distance of the fragment Ti-O-Si, making the Fermi contact term a sensitive structural probe. Comparison can be set to the case of framework substituted Ti 3+ ions in AlPO-5 materials [14] . In that case Ti 3+ species experience the same tetrahedral field as testified by the similarity of the g matrix components but the nearest cations are 31 P instead of 29 Si. Also in that case the 31 P hyperfine interaction is dominated by the isotropic term, leading to a spin density population in the P 3s orbital of ≈ 0.20% in line with the present results.
Based on this analysis we can then rationalize the observation of two types of 29 Si hyperfine interactions in terms of framework incorporation of the Ti 3+ species, whereby the difference in the hyperfine couplings can be naturally explained considering the different bonding geometry (length and angle) of the Ti-O-Si fragments. The observation of these 29 Si hyperfine interactions provides direct and unambiguous evidence for incorporation of the transition metal ion into the siliceous framework.
Conclusions
The reaction of triethyl aluminium with hybrid SiO 2 -TiO 2 mesoporous monoliths synthesized via sol-gel method, was followed by means of CW-EPR and HYSCORE spectroscopies. The results provide evidence for the reducing power of triethyl aluminium towards isolated Ti 4+ ions through the formation of open-shell Ti 3+ ions atomically dispersed and fully incorporated in the SiO 2 framework with a local structure similar to that of titanium silicalite and no segregation of TiO 2 phases at this level of Ti doping. The observation of well resolved superhyperfine interactions with magnetically active framework ions provides a compelling evidence for
framework substitution and allows identifying specific active sites. Interestingly, HYSCORE experiments reveal a much larger proton interaction for this system with respect to TS-1, which may be associated to a higher degree of flexibility of the SiO 2 framework, compared to that of TS-1.
The implications of these results are manifold; from one side they provide a simple and effective route to generate accessible tetrahedrally coordinated open-shell Ti 3+ sites, which may open new and unexplored reaction pathways in coordination chemistry and redox catalysis, on the other hand this approach provides a robust framework to be extended to other oxide or halide based systems in the hope to achieve a more general understanding of the surface chemistry of alkylaluminum compounds. Finally these results demonstrate that advanced EPR methods can be a valuable way to afford a fundamental understanding of the atomic scale structure of paramagnetic species in heterogeneous catalysts.
Materials and Methods

Sample Preparation
The Ti/SiO 2 sample (Ti loading was 2 wt%) was prepared by the sol-gel method described in ref 9 using titanium isopropoxide (TTIP) as Ti source. The amount of TTIP was chosen to have Ti/Si molar ratio of 2 M%.The sample was dehydrated at 923 K in dynamic vacuum to a final pressure of 10 − 5 mbar and then calcined at 723 K in O 2 atmosphere in order to remove organic residues. The dehydrated sample was reacted for 6 min with triethylaluminum (TEA) (Aldrich) vapors generated in situ employing the setup described elsewhere [13] . Before use, TEA was purified by freeze-pump-thaw method.
Spectroscopic Characterization
X-band CW EPR spectra were recorded at T = 77 K on a Bruker EMX spectrometer (mw frequency ~ 9.46 GHz) equipped with a cylindrical cavity. A microwave power of 0.1 mW, a modulation amplitude of 0.08 mT and a modulation frequency of 100 kHz were used.
X-band pulse EPR experiments were performed at T = 15 K on a Bruker ELEXYS 580 EPR spectrometer (mw frequency ~ 9.76 GHz) equipped with a liquid-helium cryostat from Oxford Inc. The magnetic field was measured by means of a Bruker ER035M NMR gaussmeter.
Electron-spin-echo (ESE) detected EPR experiments were performed with the pulse sequence π/2-τ-π-τ-echo. Pulse lengths t π/2 = 16 ns and t π = 32 ns, a τ value of 200 ns and a 0.5 kHz shot repetition rate were used.
Hyperfine Sublevel Correlation (HYSCORE) [25] experiments were carried out with the pulse sequence π/2-τ-π/2-t 1 -π-t 2 -π/2-τ-echo. A four-step phase cycle was applied for eliminating unwanted echoes. Pulse lengths t π/2 = 16 ns and t π = 32 ns, and a 0.5 kHz shot repetition rate were used. The time intervals t 1 and t 2 were varied in steps of 16 ns starting from 96 ns, generating a [300 × 300] matrix. The time traces of the HYSCORE spectra were baseline corrected with a third-order polynomial, apodized with a Hamming window, and zero-filled. After two-dimensional Fourier transformation, the absolute-value spectra were calculated. Spectra recorded with different τ values specified in the figure captions were added to eliminate blind-spot effects.
All of the EPR spectra were simulated with the Easyspin package [26] .
